We have investigated for the first time the propagation of the avalanche multiplication over the area of p-n junctions reverse biased above the breakdown voltage. The muitiplication process spreads from the point where the avalanche is triggered toihe whole junction area with a speed proportional to the final steady-state value ofthe avalanche current. The values of the propagation speed suggest that the phenomenon is due to diffusion of carriers assisted by avalanche multiplication. This effect strongly affects the rise of the avalanche current and turns out to limit the performance of single photon avalanche diodes.
; accepted for pubrication 23 May 1990) We have investigated for the first time the propagation of the avalanche multiplication over the area of p-n junctions reverse biased above the breakdown voltage. The muitiplication process spreads from the point where the avalanche is triggered toihe whole junction area with a speed proportional to the final steady-state value ofthe avalanche current. The values of the propagation speed suggest that the phenomenon is due to diffusion of carriers assisted by avalanche multiplication. This effect strongly affects the rise of the avalanche current and turns out to limit the performance of single photon avalanche diodes.
Semiconductor p-n junctions with uniform breakdown voltage were extensively employed in past investigations on various aspects of avalanche breakdown.l'2 When these junctions are reverse biased above the breakdown voltage Y6, a single carrier generated in the depletion layer startJa diverging multiplication process. The current steeply rises, reaching a steady-state value given by the ratio between the excess bias above V6 and the diode series resistance.l In this self-sustaining condition the multiplication occurs over the whole junction. The aim of this work was to study how the impact ionization prooess spreads from the seed point to the whole junction area. The physics and the speed of the avalanche propagation turn out to be important in de_ vices where a fast and standard shape ofthe current rise is required. This is the case of single photon avalanche diodes (SPADs), which are Geiger-mode avalanche photodiodes specifically designed to accurately measure the arrival time of a photon.3-5
Our approach was to study the avalanche propagation by measuring the dependence of the avalanche current leading edge on the point where the multiplication process is triggered. The devices are silicon diodes with a shallow z +-p junction obtained by phosphorus predeposition over a low dopedp epilayer (10-15 Ocm). The rectangular active area of lz10 pmXl4 pm was defined within the junc_ tion area by a boron implantation designed to achieve a breakdown voltage of 16 V. A buried p+ epilayer (0.25_ 0.3 O cm), 2 pm thick, lowers the diode series resistance to 285 O. The latter is the sum of the ohmic resistance Ro and the junction space-charge resistance R*.5
A schematic diagram of the experimental setup and the equivalent circuit of the device are shown in Fig. l . The diode was reverse biased below y6. A waveform generator provides pulses at l0 kHz, raising the bias at lto > v6for l5O ns. A 785 nm laser diode synchronously emitted a ight pulse of 3O ps full width at half maximum (FWHM). The laser beam was focused to a tliameter of about 15 pm. No current flows in the diode until the first photogenerated carrier succeeds in triggering the avalanche. The carriers thermally generated in the junction can also trigger the avalanche. However, the minority-carrier lifetime in the depletion region is about 0. I ms; therefore, this occurrence is negligible.l'3-5 The avalanche current was detected by a sampling oscilloscope (Tektronix 11802 with SD-26 sam_ pling head).
The measurements were performed with the laser spot focused in different points of the active area and with a reverse bias in the range from 16.5 to 2l y. The results (Fig. 2) show that the time f, between the first rise of the avalanche current and its saturation is proportional to the distance d between the seed point and the farthest end of the rectangular area. In particular, r" doubles when moving the spot from the center to either end of the device. Thi ratio d/t, is the mean avalanche propagation speed uo By changing the value ofa suitable resistor R in series to the diode (see Fig. l ), we performed measurements of u, at different bias voltages but with the same final avalanche current Iy. We found that the mean propagation speed does not depend on the bias voltage and is given by uo:k Iy,
with k: 3 pml(ns mA). On the basis of these results the avalanche dynamics can be described as follows: (i) the avalanche is triggered in a point of the active area; (ii) the free-carrier concentration rises exponentially by avalanche multiplication around the seed point; (iii) the electric field is locally lowered. In fact, the free carriers cause a space charge opposite to the dopant charge and the voltage across the whole junction is reduced by the drop, Ro fu; gv) when the maximum electric field reaches the breakdown value, the multiplication process becomes self-sustaining and the avalanche current cannot increase further until the avalanche multiplication is triggered in another region. The avalanche spreads over the junction with a speed given by ( I ); (v) when the multiplication process occurs over the whole active area, the avalanche current reaches a final steadystate value.
This qualitative picture can be translated into a quantitative model of the current rise. In the following calculations, the n + -p junction is considered a step abrupt junction with a concentration .M of acceptors in the p side. When the multiplication process is triggered over an area A(t), the value of the avalanche current that lowers the maximum electric field to the breakdown value, is given by i ^(t) : {(1, + I ) -IU " + I )2
where /" : qultlA(t) : hlG), Io: (Ya I Q)/Ro,qis the electron charge, u1, the mean drift speed of the holes, Zo' the reverse bias voltage of the diode, and {1 the junction built-in potential. Due to the high multiplication rate, the carriers in the activated area A(t) reach their maximum concentration before '{(r) considerably changes by avalanche propagation. Therefore, the leading edge ofthe avalanche current depends only on the increase ofl(t) and the diode current ra(t) is equal to r-(t). The current measured with the sampling oscilloscope, i(t), can be easily obtained from (2) well with the experimental results when lr, is chosen to be 2.l3xl}a A/cmz (Fig. 2) . This was the only parameter of the fitting and it was fixed once and for all. Despite the change of the series resistor R and,/or the excess bias voltage, the calculations always fit the experimental results with the same i, value. This parameter can be physically interpreted in terms of space-charge resistance per unit junction area. With the above fr, value, the space-charge resistance R* of our device is 37 O.
In order to explain the avalanche propagation and the high valua of the propagation speed, we considered two effects: (i) the emission of photons in the avalanching region that can succeed in triggering the avalanche in other points of the active area and (ii) the diffusion of hot carriers in the direction perpendicular to the junction electric field, assisted by avalanche multiplication.
It is well known that the photon emission in silicon is fairly low.2 We performed measurements of optical coupling between p-n junctions on the same chip and estimated that the emission efficiency of useful photons is about 10-6 photons for every carrier crossing thejunction. In order to obtain the measured value for the propagation speed, this figure should be at least two orders of magnitude higher.
The transverse diffusion offree carriers can be studied in a one-dimensional approximation due to the elongated device geometry. Along the major axis x, the linear density offree carriers in the depletion layer, c(x), is given by the diffusion ditrerential equation:
ctt ctx' T integrated with the boundary conditions: c(x,0):6(t), c(+6,t):0. D is the mean diffusion coefficient of hot carriers and c/r is a generation term due to the avalanche multiplication. The multiplication rate, l/r, depends on x. When ,E-(x,t) : Eu the avalanche multiplication at the point x becomes a self-sustaining process, l/r becomes zero, and c(;r,r) does not increase further. The activated area is the part of the sensitive area where the above conditions are fulfilled.
A first evaluation of the avalanche propagation speed can be obtained by the integration of (3) with t constant. The local saturation of the avalanche process can be taken into aecount by a further condition: when c(x,t) reaches a fixed value co, c(x,t) becomes constant and equal to co. The activated area is the region where c(.x,t) : co. In this approximation, we found that when tlr, the propagation speed is constant and given by up:2(D/r)t/2
In order to calculate u, D and r must be estimated. At the operating bias the electric field at the junction is higher than 6X lAs Y/cm. To our knowledge, the carrier's diffusion coefficients at this high electric field were never measured nor theoretically predietcd. In our calculations we assumed D-17 crn2/s. This value follows from the Einstein relation assuming that the mean hot carrier energy is 1.5 eV. r'depends on the excess bias Yn-Yt (where Z* is (2)
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the voltage drop across the space-charge layer) and it can be evaluated according to Ref. 7 . When the excess bias is a low percentage of the breakdown voltage, r is given by F/(V*-Y). ln our devices F:0.025 ns V. In a conservative approach we computed up with the largest value of r. This value is reached when the excess bias across the space-charge layer is minimum; that is, when the avalanche current achieves its final value 1,". In this case, the excess bias is given by lto-vu-l 1Ro + R + R,)II : Rr""I1. For example, when the final satu_ rated current is 3 mA the minimum value of u, is of about 6 prm/ns which is in good agreement with the experimental value of 9 prm/ns, considering the crudeness of the model.
In measurements with SPAD devices, the photon ar_ rival time is obtained by measuring the time at which the leading edge of the avalanche current crosses a given threshold.3 Due to the avalanche propagation there is a dependence ofthe current rise on the point where the pho_ ton is absorbed. This causes a statistical jitter in the delay between the photon absorption and the time at which the leading edge of the avalanche current is sensed. This jitter increases if the device sensitive area is made larger and/or the avalanche propagation speed is lowered by decreasing the reverse bias voltage.
We verified the influence of the avalanche propagation on the SPAD performance by measuring the time resolu_ tion FWHM of circular SPAD devices with a diameter of 22 pm. Two sets of measurements were performed with the laser beam unfocused or focused to a 15 pm spot in the center of the detector. The results are shown in Fig. 3 , The time resolution is improved when the excess bias voltage is increased. This was well knowna's and now, according to (l), we can conclude that it is due to the increase of the avalanche propagation speed. Moreover, when the laser spot is focused in the center of the junction area, the time resolution is much better because the avalanche is triggered into a smaller area. These results confirm that the avalanche propagation plays a dominant role in limiting the performance of SPADs and show that the size of the sensitive area must also be considered in the design of highresolution SPADs.
In conclusion, we have investigated for the first time the propagation of the impact ionization process over the area ofap-n junction reverse biased above the breakdown voltage. The experiments suggest that this propagation is due to diffusion of hot carriers assisted by avalanche multiplication. We found that this effect is the most i lmportant limit to the performance of SPADs. We wish to thank S. Cova and G. Ripamonti for their suggestions and E. Sangiorgi for useful discussions on the hot-carrier dynamics. This work was carried out with the financial support of the National Research Council (CNR) in the frames of the projects ..Telecommunications" and "Materials and Devices for Solid State Electronics".
